In recent years, in line with consumer preferences and due to the effects of global climate change, new trends have emerged in wine fermentation and wine technology. Consumers are looking for wines with less ethanol and fruitier aromas, but also with a good balance in terms of acidity and mouthfeel. Nonconventional yeasts contain a wide range of different genera of non-Saccharomyces. If in the past they were considered spoilage yeasts, now they are used to enhance the aroma profile of wine or to modulate wine composition. Recent publications highlight the role of non-Saccharomyces as selected strains for controlling fermentations mostly in cofermentation with Saccharomyces. In this article, I have reviewed the ability of some bacteria and non-Saccharomyces strains to modulate wine acidity.
. Grape-berry flavor zones and distribution of tartaric and malic acids.
Tartaric and malic acids are diprotic, with two dissociable protons per molecule. It is the first proton dissociation, with pKa values of around 2.98 (tartaric) and 3.46 (malic) that are meaningful properties in a winemaking context. At a typical wine pH (3.4) , tartaric acid will be three times as acidic as malic acid [7] .
The bitartrate and bimalate monoanions have important sensory roles to play in wine taste. Malic acid presents a harsh metallic taste (Table 1) , sometimes correlated with the taste of greenapples, while the taste attributed to tartaric acid is frequently referred to as being 'mineral' or citruslike. To compensate malic acid 'lost' in the late stages of berry ripening, the addition of tartaric acid at crush, or thereafter, can be performed, providing, in this way, control of must/wine pH. However, tartaric acid, unlike malic acid, is not a metabolic substrate for lactic acid bacteria or even yeasts. Table 1 . Organic acids present in grapes and wines and major acids' sensory descriptors. Adapted from Boulton et al. [8] .
Fixed Acids
Volatile (1) Octanoic Galacturonic Decanoic Glucuronic, Mucic, Coumaric, and Ascorbic (1) Present in wine made with grapes infected with Botrytis cinerea.
Citric acid, that presents a pleasant citrus-like taste (Table 1) , has many uses in wine production. Citric acid is a weak organic acid that presents antimicrobial activity against molds and bacteria. It can create a relationship with antioxidants by chelating metal ions, thus helping in browning The bitartrate and bimalate monoanions have important sensory roles to play in wine taste. Malic acid presents a harsh metallic taste (Table 1) , sometimes correlated with the taste of green-apples, while the taste attributed to tartaric acid is frequently referred to as being 'mineral' or citrus-like. To compensate malic acid 'lost' in the late stages of berry ripening, the addition of tartaric acid at crush, or thereafter, can be performed, providing, in this way, control of must/wine pH. However, tartaric acid, unlike malic acid, is not a metabolic substrate for lactic acid bacteria or even yeasts. Table 1 . Organic acids present in grapes and wines and major acids' sensory descriptors. Adapted from Boulton et al. [8] . Dimethyl glyceric 3-Methylbutyric Citramalic Hexanoic Gluconic acid (1) Octanoic Galacturonic Decanoic Glucuronic, Mucic, Coumaric, and Ascorbic (1) Present in wine made with grapes infected with Botrytis cinerea.
Citric acid, that presents a pleasant citrus-like taste (Table 1) , has many uses in wine production. Citric acid is a weak organic acid that presents antimicrobial activity against molds and bacteria. It can create a relationship with antioxidants by chelating metal ions, thus helping in browning prevention. Citric acid occurs in the metabolism of almost every organism because it is an important intermediate in the tricarboxylic acid cycle (TCA cycle) [9] , Figure 2 .
During the winemaking process, it is advisable to monitor the concentration of organic acids in order to ensure the quality of the wine, and a distinction is made between acids directly produced in grapes (tartaric, malic, and citric) and those originating during the fermentation-alcoholic and malolactic-succinic, lactic, and acetic acids, among others [11] , Table 1 . prevention. Citric acid occurs in the metabolism of almost every organism because it is an important intermediate in the tricarboxylic acid cycle (TCA cycle) [9] , Figure 2 . During the winemaking process, it is advisable to monitor the concentration of organic acids in order to ensure the quality of the wine, and a distinction is made between acids directly produced in grapes (tartaric, malic, and citric) and those originating during the fermentation-alcoholic and malolactic-succinic, lactic, and acetic acids, among others [11] , Table 1 .
Acetic acid, in quantities higher than 0.8-0.90 gL −1 [11] , is immediately recognizable due to the vinegar smell an acrid taste, causing the wine to be considered spoiled. The maximum acceptable limit for volatile acidity in most wines is 1.2 gL −1 of acetic acid [12] . Acetic acid can appear on the grapes or the grape-must due to the presence of yeasts like Hansenula spp. and Brettanomyces spp., filamentous fungi (Aspergillus niger, Aspergillus tenuis, Cladosporium herbarum, Penicillium spp., and Rhizopus arrhizus), and bacteria (LAB-like indigenous Lactobacilli, and acetic acid bacteria). During alcoholic fermentation, acetic acid usually is formed in small quantities (0.2-0.5 gL −1 acetic acid) as a byproduct of S. cerevisiae metabolism. If the amounts are higher, some contamination spoilage yeasts and bacteria can be present: Candida krusei, Candida stellate, Hansaniaspora uvarum/Kloeckera apiculate, Pichia anomala, Saccharomycodes ludwigii, Acetobacter pasteurianus, and Acetobacter liquefaciens; after malolactic fermentation, heterofermentative species of Oenococcus and Lactobacillus also have the potential to produce acetic acid through the metabolism of residual sugar [13] .
Succinic acid, with a sour, salty, and bitter taste, is the major acid produced by yeast during fermentation. This acid is resistant to microbial metabolism under fermentative conditions. During a period from 1991 to 2003, Coulter and coworkers [14] studied 93 red and 45 white Australian wines and found that the concentration of succinic acid in red wines reached from "none" (detection limit of 0.1 gL −1 ) to 2.6 gL −1 , with a mean value of 1.2 gL −1 , while the concentration in white wines was between 0.1 gL −1 to 1.6 gL −1 , with a mean value of 0.6 gL −1 . Thus, succinic acid plays an important role in wine acidity [14] .
Lactic acid, that usually is perceived as sour and spicy, is mainly produced by lactic acid bacteria during malolactic fermentation. However, small amounts can also be synthesized by yeast. Acetic acid, in quantities higher than 0.8-0.90 gL −1 [11] , is immediately recognizable due to the vinegar smell an acrid taste, causing the wine to be considered spoiled. The maximum acceptable limit for volatile acidity in most wines is 1.2 gL −1 of acetic acid [12] . Acetic acid can appear on the grapes or the grape-must due to the presence of yeasts like Hansenula spp. and Brettanomyces spp., filamentous fungi (Aspergillus niger, Aspergillus tenuis, Cladosporium herbarum, Penicillium spp., and Rhizopus arrhizus), and bacteria (LAB-like indigenous Lactobacilli, and acetic acid bacteria). During alcoholic fermentation, acetic acid usually is formed in small quantities (0.2-0.5 gL −1 acetic acid) as a byproduct of S. cerevisiae metabolism. If the amounts are higher, some contamination spoilage yeasts and bacteria can be present: Candida krusei, Candida stellate, Hansaniaspora uvarum/Kloeckera apiculate, Pichia anomala, Saccharomycodes ludwigii, Acetobacter pasteurianus, and Acetobacter liquefaciens; after malolactic fermentation, heterofermentative species of Oenococcus and Lactobacillus also have the potential to produce acetic acid through the metabolism of residual sugar [13] .
Lactic acid, that usually is perceived as sour and spicy, is mainly produced by lactic acid bacteria during malolactic fermentation. However, small amounts can also be synthesized by yeast.
Today, the range of wines on the market is huge. On the other hand, wine companies tend to develop a style. Last year's tendency was to attribute "medals" to balanced flavor profile wines with bordering notes of vegetal-green, chemical, earthy, or sulfur characters, aromas of fruit and oak, hot/full mouthfeel (generally related to the alcohol content), low bitterness, and high sweetness [15] . Consumers and winemakers, giving more importance to flavors and sweetness, tend to "despise" acidity, even if it is one of the most important components of the wine. So, it is important for the wine industry to be able to modulate wine acidity, having in mind the concept of "healthy" and "biological", without the addition of enological products. In this article, a review is made of some microorganisms, namely non-Saccharomyces yeasts, that, due to their physiological and genetic traits, are able to modulate wine acidity, either by increasing the wine's acid content (biological acidification) or by decreasing it-biological deacidification.
Wine Biological Acidity Modulation by Bacteria via Malolactic Fermentation
Physicochemical deacidification of wines is time-consuming, requires labor, capital input, and may reduce wine quality [16] . Biological deacidification of wine with malolactic bacteria (MLB), most often strains of Oenococcus oeni, previously known as Leuconostoc oenos [17] , is the traditional method used for removing excess wine acidity. However, one important thing must be taken into account; of wine's total acidity, biological deacidification only affects the malic acid portion, it does not reduce tartaric acid.
While during alcoholic fermentation, wine yeast strains convert the grape sugars into ethanol and other flavors/mouthfeel compounds, after sugar depletion and the decline of yeasts population, LAB proliferates by utilizing the remaining sugars and thereafter performs malolactic fermentation (MLF). Despite its name "malolactic fermentation", this biological process is not a fermentation, but an enzymatic reaction in which malic acid (L (−) malic acid) is decarboxylated to lactic acid (L (+) lactic acid) and CO 2 , Figure 3 , [18, 19] . This process also reduces the potential carbon source for spoilage microorganisms and leads to wine microbial stabilization [20] .
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In this article, a review is made of some microorganisms, namely non-Saccharomyces yeasts, that, due to their physiological and genetic traits, are able to modulate wine acidity, either by increasing the wine's acid content (biological acidification) or by decreasing it-biological deacidification.
While during alcoholic fermentation, wine yeast strains convert the grape sugars into ethanol and other flavors/mouthfeel compounds, after sugar depletion and the decline of yeasts population, LAB proliferates by utilizing the remaining sugars and thereafter performs malolactic fermentation (MLF). Despite its name "malolactic fermentation", this biological process is not a fermentation, but an enzymatic reaction in which malic acid (L (−) malic acid) is decarboxylated to lactic acid (L (+) lactic acid) and CO2, Figure 3 , [18, 19] . This process also reduces the potential carbon source for spoilage microorganisms and leads to wine microbial stabilization [20] . During MLF, the metabolism of O. oeni can improve the wine's sensory characteristics by producing a myriad of secondary metabolites [21] . However, the success of MLF is influenced by oenological parameters, such as temperature, pH, alcohol content, SO2 concentration [22] , and yeast inhibitory metabolites, such as medium chain fatty acids [23] or peptic fractions [24] .
Several working groups are focused on alternative LAB, such as Lactobacillus plantarum, to perform MLF in wine [25, 26] . Lactobacillus plantarum can survive under winemaking stress conditions, and during the fermentation process they are also able to produce a huge number of secondary metabolites important for the wine's aroma and flavor, including β-glucosidases, esterases, phenolic acid decarboxylases, and citrate lyases [27] [28] [29] once they contain genes encoding important enzymes that are active under winemaking conditions [30, 31] ; and can even improve red wine's color and solve problems associated with wine filtration due to tannase activities [29] .
More specific studies have found that depending on the stress conditions in the wine, the gene coding for the malolactic enzyme works differently for O. oeni [32] and L. plantarum [33] . Miller et al. [33] found that the expression of mle (malolactic enzyme) L. plantarum gene presented an increased During MLF, the metabolism of O. oeni can improve the wine's sensory characteristics by producing a myriad of secondary metabolites [21] . However, the success of MLF is influenced by oenological parameters, such as temperature, pH, alcohol content, SO 2 concentration [22] , and yeast inhibitory metabolites, such as medium chain fatty acids [23] or peptic fractions [24] .
More specific studies have found that depending on the stress conditions in the wine, the gene coding for the malolactic enzyme works differently for O. oeni [32] and L. plantarum [33] . Miller et al. [33] found that the expression of mle (malolactic enzyme) L. plantarum gene presented an increased expression in the middle of MLF and was inducible by the presence of malic acid and low pH wine values, decreasing, nevertheless, in the presence of ethanol. Later, Iorizzo and coworkers [34] reported that some strains of L. plantarum were able to grow at pH values ranging from 3.2 to 3.5 and in the presence of 13% (v/v) ethanol. Several strains of L. plantarum were also found to be able to tolerate the presence of sulfite and in the concentrations used in winemaking [35] .
Moreover, L. plantarum strains produce high concentrations of lactic acid, which may contribute to "biological acidification" in low acidity wines, and thus improving wine mouthfeel [36] . 
Wines Biological Acidity Modulation by Nonconventional Yeasts
The malolactic fermentation process is not free from collateral effects (production of off-flavors, wine quality loss, and human health issues due to the production of biogenic amines). Benito et al. [37] developed a new red winemaking methodology by combining the use of two non-Saccharomyces yeast strains as an alternative to the traditional MLF. According to the authors, malic acid is consumed by Schizosaccharomyces pombe, while Lachancea thermotolerans produces lactic acid in order to increase the acidity of wines produced from low acidity musts. The main fermentative properties of interesting non-Saccharomyces yeasts reported as advantageous for fermented beverages and that can modulate wine acidity are described in Table 2 . Table 2 . Percentage of ethanol formed during fermentation, sugars fermented, main volatile compounds formed and effect on wine acidity of seven non-Saccharomyces yeasts.
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(i) The musts were obtained from botrytized Semillon grapes with initial sugar concentrations of 360 gL −1 [43] .
(ii) Variable according to strain. (iii) Some Zygosaccharomyces are fructophilic. Z. rouxii and Z. bailii possess genes (FFZ) that encode specific fructose facilitators and proteins [49] . (iv) In white grape juice, not added with SO2, with 231 gL −1 sugar content [48] . (v) Z. bailii is known to consume acetic acid [50] . (vi) In microvinifications with chemically defined grape juice with similar nitrogen and acidic fraction composition to Patagonian Pinot noir juice (gL −1 : glucose 100 gL −1 , fructose 100 gL −1 , potassium tartrate 5 gL −1 , L-malic acid 3 gL −1 , citric acid 0.2 gL −1 , easily assimilable nitrogen 0.208 gL −1 and pH 3.5) [51] . (vii) Pichia kudriavzevii presents the ability to produce ethanol from xylose. Xylose is a sugar found in wood, meaning this can used as an alternative for ethanol production, which is particularly useful in the biofuel industry [52] . (viii) A decrease up to 0.7% (v/v) of ethanol when S. cerevisiae was inoculated with a delay of 48 h with respect to the inoculation of Starmerella bacillaris [53] . (xix) S. bacillaris show fructophilic, cryotellerant, and osmophylic characters of interest for the winemakers [55] . (x) Sauvignon blanc wines fermented by mixed cultures (S. bacillaris and S. cerevisiae) contained significantly higher levels of thiols [57] .
Schizosaccharomyces pombe, Lachancea thermotolerans, and Torulaspora delbrueckii are presently produced at the industrial level by biotechnological companies [38] . Torulaspora delbrueckii is commercialized in the form of a pure culture, selected for its properties to increase aromatic complexity, mouthfeel, low production of volatile acidity, and high resistance to initial osmotic shock and it is highly recommended for the fermentation of late harvest wines in sequential culture with S. cerevisiae.
11.7-12.1 (viii) Glucose Fructose (xix) Higher level of some terpenes, lactones and thiols .(x)
Malic acid degradation; Reduction of acetic acid in sweet wines; Production of pyruvic acid.
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(ii) Variable according to strain. (iii) Some Zygosaccharomyces are fructophilic. Z. rouxii and Z. bailii possess genes (FFZ) that encode specific fructose facilitators and proteins [49] . (iv) In white grape juice, not added with SO 2 , with 231 gL −1 sugar content [48] . (v) Z. bailii is known to consume acetic acid [50] . (vi) In microvinifications with chemically defined grape juice with similar nitrogen and acidic fraction composition to Patagonian Pinot noir juice (gL −1 : glucose 100 gL −1 , fructose 100 gL −1 , potassium tartrate 5 gL −1 , L-malic acid 3 gL −1 , citric acid 0.2 gL −1 , easily assimilable nitrogen 0.208 gL −1 and pH 3.5) [51] . (vii) Pichia kudriavzevii presents the ability to produce ethanol from xylose. Xylose is a sugar found in wood, meaning this can used as an alternative for ethanol production, which is particularly useful in the biofuel industry [52] . (viii) A decrease up to 0.7% (v/v) of ethanol when S. cerevisiae was inoculated with a delay of 48 h with respect to the inoculation of Starmerella bacillaris [53] . (xix) S. bacillaris show fructophilic, cryotellerant, and osmophylic characters of interest for the winemakers [55] . (x) Sauvignon blanc wines fermented by mixed cultures (S. bacillaris and S. cerevisiae) contained significantly higher levels of thiols [57] . Schizosaccharomyces pombe, Lachancea thermotolerans, and Torulaspora delbrueckii are presently produced at the industrial level by biotechnological companies [38] . Torulaspora delbrueckii is commercialized in the form of a pure culture, selected for its properties to increase aromatic complexity, mouthfeel, low production of volatile acidity, and high resistance to initial osmotic shock and it is highly recommended for the fermentation of late harvest wines in sequential culture with S. cerevisiae.
3.1. Lachancea thermotolerans: Wine Acidification/Deacetification L. thermotolerans cells are rather similar in both shape and size to S. cerevisiae and impossible to distinguish by optical microscopy. They also reproduce asexually by multipolar budding. In fermentation conditions, an alcohol degree of 9% (v/v) is the limit of ethanol produced and tolerated [38] . L. thermotolerans can produce lactic acid during fermentation, up to 9.6 gL −1 [58] , and glycerol [59] .
All these interesting features can be a way to address the problems of increased alcohol content/reduction in the total acidity of wines associated with global climate changes [60] . Since 2013 [59] , studies have been made in several wines and wine-regions that elucidate L. thermotolerans wine-making features-Sangiovese and Cabernet-Sauvignon wines where a significant increase in the spicy notes was found [59] ; Airén wines, an increased lactic acid concentration up to 3.18 gL −1 and a pH reduction of 0.22 were accomplished [61] , Emir wines, where an increase in final total acidity of 5.40-6.28 gL −1 was achieved [60] .
However, L. thermotolerans is also capable of another interesting wine-making feature. This yeast can be used to develop a controlled biological deacetification process of wines with high volatile acidity, with the process being oxygen-dependent, which means that its metabolism must shift more towards respiration than fermentation [40, 50] .
To verify the potential application of L. thermotolerans wine deacetification, the strain was inoculated in two wine-supplemented mineral media, (I) simulating the refermentation of a wine with freshly crushed grapes (130 gL −1 of glucose and 4% ethanol (v/v)) and (II) simulating the refermentation of a wine with the residual marc from a finished wine fermentation (33 gL −1 glucose and 10% ethanol (v/v)). The volatile acidity of both mixtures was 1.13 gL −1 of acetic acid. L. thermotolerans was able to consume 94.6% of the initial acetic acid, in the high-glucose medium, under aerobic conditions and the final "wine" was left with a volatile acidity of 0.06 gL −1 [50] .
Schizosaccharomyces pombe: Biological Acidity Modulation via Maloalcoholic Fermentation
Usually, wine is produced by using Saccharomyces yeast to transform sugars into alcohol, followed by Oenococus bacteria to complete malolactic fermentation and thus rendering the wine with its pleasantness and microbial stability. This methodology has some unsolved problems: (i) the management of highly acidic musts; (ii) the production of potentially toxic products, including biogenic amines and ethyl carbamate [62] . To overcome these issues, the use of non-Saccharomyces yeast strains able to perform alcoholic fermentation and malic acid degradation are being studied. S. cerevisiae has long been known as a poor metabolizer of extracellular malate, due to the lack of a mediated transport system for the acid [63] . One example is the fission yeast from the genus Schizosaccharomyces. These yeasts are able to consume malic acid by converting it to ethanol and CO 2 [64] , Figure 4 .
Schizosaccharomyces pombe is highly appreciated in colder regions due to its particular metabolism of maloalcoholic fermentation [64] , significantly reducing the levels of ethyl carbamate precursors and biogenic amines without the need for any bacterial MLF [62] . Schizosaccharomyces is also able, during fermentation, to increase the formation of vitisins and vinylphenolic pyranoanthocyanin [65] ; these pigments intensify the color of the finished wine [66] .
biogenic amines and ethyl carbamate [62] Schizosaccharomyces pombe is highly appreciated in colder regions due to its particular metabolism of maloalcoholic fermentation [64] , significantly reducing the levels of ethyl carbamate precursors and biogenic amines without the need for any bacterial MLF [62] . Schizosaccharomyces is also able, during fermentation, to increase the formation of vitisins and vinylphenolic pyranoanthocyanin [65] ; these pigments intensify the color of the finished wine [66] .
Candida stellata: Biological Acidity Enrichment
Candida stellata is an imperfect yeast of the genus Candida, order Saccharomycetales, phylum Ascomycota. C. stellata was originally isolated from an overripe grape must in Germany, but we can find it widespread in natural and artificial habitats [67] .
During the beginning of alcoholic fermentation, many species can grow simultaneously in the grape must; C. stellata species have been described in this stage of fermentation [68] . C. stellata cells are spherical/ovoid; usually found as single cells. This yeast ferments glucose, sucrose, and raffinose and uses lysine as its sole N source. It is also able to grow at higher pH values and it is not sensitive to ethanol [67] . These features make it a good candidate for co-inoculation with S. cerevisiae. This yeast is also frequently associated with musts proceeding from botrytized grapes [69] .
An interesting feature is the ability of C. stellata to form succinic acid. Maurizio and Ferraro [70] found that C. stellata yeast strains produced more succinic acid than a Saccharomyces control strain in synthetic grape juice. The higher production of the acid was also associated with higher glycerol levels. The yeasts also presented high ethanol production and ethanol tolerance [42, 71] . Succinic acid could positively influence the sensory/mouthfeel profile of wines with insufficient acidity. Nevertheless, due to its 'salt-bitter-sour' taste, excessive levels would negatively influence wine quality. 
An interesting feature is the ability of C. stellata to form succinic acid. Maurizio and Ferraro [70] found that C. stellata yeast strains produced more succinic acid than a Saccharomyces control strain in synthetic grape juice. The higher production of the acid was also associated with higher glycerol levels. The yeasts also presented high ethanol production and ethanol tolerance [42, 71] . Succinic acid could positively influence the sensory/mouthfeel profile of wines with insufficient acidity. Nevertheless, due to its 'salt-bitter-sour' taste, excessive levels would negatively influence wine quality.
Moreover, Magyar and Tóth [72] found that C. stellata is similar to C. zemplinina in its strong fructophilic character. However, C. stellata produces more glycerol and more ethanol, which is comparable with that produced by S. uvarum. The latter species is known to produce low acetic acid and low ethanol when compared with S. cerevisiae.
Torulaspora delbrueckii: Volatile Acidity Modulation in Very Sweet Musts
Torulaspora delbrueckii (formerly Saccharomyces rosei) is reported to have a positive effect on the flavor of alcoholic beverages, and exhibits low production of acetic acid, acetaldehyde, ethyl acetate, and acetoin [71] .
T. delbrueckii was studied by Lafon-Lafourcade et al. [73] in order to evaluate the possibility of using it to improve the quality of botrytized wine (wine made with Botrytis cinerea-infected grapes, commonly known as "noble rot"). These wines are made with grapes with sugar concentrations up to 350-450 gL −1 and present a challenge to S. cerevisiae in terms of acetic acid production. It is well known that S. cerevisiae produces acetic acid as a stress response to the high-sugar grape must [13] . The volatile acidity of these wines may be over 1.8 gL −1 (acetic acid), a value above the human nose detection threshold and over the EEC (European Economic Community) legal limit (1.5 gL −1 ) [12] .
Bely et al. [43] used mixed cultures of T. delbrueckii and S. cerevisiae in high-sugar fermentation musts with a higher concentration of T. delbrueckii to promote its growth. This mixed inoculum produced lower levels of acetic acid and acetaldehyde, up to 55% and 68% less, respectively, when compared with the pure cultures of S. cerevisiae. An indication of the positive impact of T. delbrueckii activity on wine quality was also demonstrated by Azzolini et al. [74] in Vino Santo, a sweet wine, due to its low production of acetic acid.
Azzolini et al. [75] studied the impact of T. delbrueckii in the production of Amarone wine (officially named, Amarone della Valpolicella), a high-alcohol dry red wine obtained from withered grapes. Winery trials were inoculated by a selected strain of T. delbrueckii in co-inoculation and/or sequentially with an S. cerevisiae strain. T. delbrueckii was able to promote the formation of alcohols, fermentative esters, fatty acids, and lactones, which are important in the Amarone wine flavor. In terms of aromatic capacity, in white table wines, T. delbrueckii was able to produce dried fruit/pastry aromas, pleasant to the tasters [44, 74] .
Zygosaccharomyces Florentinus/Zygotorulaspora Florentina: Volatile Acidity Modulation
The genus Zygosaccharomyces is involved in food and beverage spoilage since it shows high tolerance to osmotic stress, and consequently, the Zygosaccharomyces species can grow in severe environments with high sugar concentration, pH values closer to 2 [76] , low 'water activity' (a w ), and presence of organic acids and preservatives such as SO 2 and ethanol [77] . Zygosaccharomyces spp. produces high ethanol and acetoin content in wines and may play an important role as non-Saccharomyces yeasts in differentiated wine products [78] . The odors and flavors produced by Zygosaccharomyces are generally described as being wine-like, so the main problem with this yeast in wines, is the formation of a haze/deposit after bottling.
Kurtzman et al. [79] and Kurtzman & Robnett [80] , reported that the genus Zygosaccharomyces comprised 11 species, divided into two groups. After, by means of multigene sequence analysis, Kurtzman [81] proposed a new division: the Zygosaccharomyces clade should be divided into four phylogenetic groups: (1) Zygosaccharomyces, which included Z. bailii, Z. bisporus, Z. kombuchaensis, Z. lentus, Z. mellis, and Z. rouxii; (2) Zygotorulaspora, comprising two species, Zygotorulaspora florentinus (florentina) and Zt. mrakii; (3) Torulaspora, with Torulaspora microellipsoides and (4) the Lachancea clade, in which Lachancea cidri and L. fermentati were included [82] .
Zygosaccharomyces are well known for their ability to spoil food and beverages [83] . Nevertheless, some strains are used in industrial production of balsamic vinegar, miso paste, and soy sauce-Z. rouxii [84] and Z. kombuchaensis in the production of kombucha [79] .
Domizio and co-workers in 2011 [48] used Zy42 Zygosaccharomyces florentinus strain to perform grape juice fermentation in mixed cultures with a well-known commercial Saccharomyces strain-EC1118 (Lalvin EC-1118 it was originally named "prise de mousse"). It was isolated in Champagne and its use is validated by the Comité Interprofessionnel du Vin de Champagne (CIVC)). The EC1118/Zy42 association increased the production of propanol, higher alcohols, and esters and produced lower levels of acetic acid than the comparative trial with a pure culture of EC1118 (0.3 and 0.4 gL −1 , respectively).
Later, Lencioni and coworkers in 2016 [46] evaluated the strain Zygotorulaspora florentina (formerly Zygosaccharomyces florentinus) in mixed culture fermentations with S. cerevisiae, from the laboratory scale to the winery scale. At the lab scale, the resulting mixed fermentations showed a reduction of volatile acidity and an improvement of polysaccharides and 2-phenylethanol (rose-like aroma) concentrations. At the winery scale, they used red grape-must from the Sangiovese grape variety. The resulting wine presented a higher concentration of glycerol and esters; sensorially, the wine astringency was lower and the aromatic character was defined by floral notes.
Recently, the same authors [47] , studied the possibility to decrease wine volatile acidity in mixed fermentations with Zygotorulaspora florentina and Starmerella bacillaris (syn., Candida zemplinina). Independent of fermentation temperature, the mixed fermentations with Z. florentina performed best to reduce volatile acidity, thus being a valuable tool for performing fermentation of high-sugar musts.
Pichia kudriavzevii/Issatchenkia orientalis: Malic Acid Consumption
Since 1966 [85] that there have been several reports on yeast strains degrading extracellular malic acid, including Schizosaccharomyces pombe [64, 85] . Among the yeast strains degrading malic acid, S. malidevorans and S. pombe are the strains studied most intensively as a means of reducing wine acidity [64, 85, 86] . However, it has been reported that Schizosaccharomyces sp. may produce off-flavors/aromas in the wines [87] .
Degradation of malic acid by the strain Issatchenkia orientalis KMBL 5774, an acidophilic yeast strain, isolated from Korean grape wine pomace, was investigated by Seo et al. [88] . In the mentioned work, degradation of malic acid by I. orientalis KMBL 5774 was investigated in YNB-malic acid liquid media under various culture conditions (malic acid concentration, pH, temperature, . . . etc.). The maximal growth was obtained when 3% malic acid was used and maximal malic acid degradation ratio was obtained at 1-2% of the malic acid concentration (94.4 and 94.6%, respectively) [89] .
A few years ago, in 2014, Mónaco and coworkers [51] studied fifty-seven Patagonian non-Saccharomyces yeasts of oenological origin, and tested their ability to consume L-malic acid as a carbon source. Only four isolates belonging to Pichia kudriavzevii (also known as Issatchenkia orientalis) species showed this ability, and one was selected and studied further-P. kudriavzevii ÑNI15. This isolate was able to degrade L-malic acid in microvinification assays (38% of L-malic acid reduction when compared with S. cerevisiae (22%)), increasing the pH by 0.2-0.3 units. Furthermore, P. kudriavzevii ÑNI15 produced low levels of ethanol and significant levels of glycerol (10.41 ± 0·48 gL −1 ). The final wines presented fruity and cooked pears aromas, once Pichia kudriavzevii was unable to synthesize ethyl acetate but it showed good production of ethyl esters from fatty acids when compared with the Saccharomyces yeast [51] .
However, under the names Pichia kudriavzevii, Issatchenkia orientalis, and Candida glycerinogenes, the same yeast, including genetically modified strains, is used for industrial-scale production of glycerol and succinate. In 2018, Douglass and coworkers [89] investigated the genomic diversity of a yeast species that is both an opportunistic pathogen and an important industrial yeast. Under the name Candida krusei, it is responsible for about 2% of yeast infections caused by Candida species in humans. Bloodstream infections with C. krusei are problematic because most isolates are fluconazole-resistant. In their work, Douglass et al. [89] sequenced the strains of C. krusei (CBS573T) and P. kudriavzevii (CBS5147T), and the results showed, conclusively, that they are the same species, with collinear genomes 99.6% identical in DNA sequence. Phylogenetic analysis of SNPs does not segregate clinical and environmental isolates into separate clades, suggesting that C. krusei infections are frequently acquired from the environment. More studies are needed to ensure public safety when using these non-Saccharomyces strains in food/wine production.
Starmerella bacillaris/Candida zemplinina: Wine Biological Acidification and Deacidification
One approach to reducing the ethanol content of wines is by co-inoculation of Saccharomyces and non-Saccharomyces yeast during must fermentation. The selection and use of non-Saccharomyces wine yeasts can potentially lead to a reduction of the overall sugar-ethanol yield [53] . The yeast Starmerella bacillaris (syn. Candida zemplinina) is often isolated from grape and winery environments specifically associated with overripe and botrytized grapes [90] . Its enological use in mixed fermentation with S. cerevisiae has been investigated, and several interesting features, such as low ethanol and high glycerol production, and a fructophilic aptitude, have been found [54] . This yeast also presents acidogenic, psychrotolerant, and osmotolerant properties, and therefore seems to be well adapted to sweet wine fermentations [55] .
It was in 2002 that David Mills and coworkers [90] isolated the yeast Starmerella bacillaris for the first time from sweet wines made with botrytized grapes in Napa Valley (California, USA), and due to their enological features, it has been studied since then. Englezos and coworker in 2016 [53] investigated the potential application of Starmerella bacillaris in combination with S. cerevisiae, in co-inoculated and sequential cultures to reduce the ethanol in wines. Lab scale fermentations showed a decrease of up to 0.7% (v/v) of ethanol and an increase of about 4.2 gL −1 of glycerol.
Continuing their work on Starmerella bacillaris and the application of this yeast to the wine industry and winemaking, Englezos and coworker in 2017 [55] wrote an interesting review. In that report, they concluded that among other Starmerella bacillaris enological features, this yeast species could contribute to malic acid degradation due to its ability to produce a wide spectrum of extracellular hydrolytic enzymes [91] . It is also capable of producing pyruvic acid, acting as a natural acidification agent by reducing the wine's pH [92] , which may have an impact on wine color, due to the reaction of pyruvic acid with anthocyanins producing stable colored pigments such as Vitisin A [93] .
Moreover, in 2012, Rantsiou and coworkers [94] showed that the use of mixed fermentations with Starmerella bacillaris and S. cerevisiae could be a biological method to reduce acetic acid in sweet wines. According to the mentioned authors, the co-inoculation produced wines with a decrease of 0.3 gL −1 of acetic acid; sequential inoculation produced wines with about half of the acetic acid content, compared to wines produced with pure cultures of S. cerevisiae [94] .
Additionally, sequential inoculations of Starmerella bacillaris and S. cerevisiae possess great potential in affecting and modulating the chemical and aromatic profile of white wines, especially those produced from Sauvignon blanc grapes [57] . The volatile profile of Chardonnay, Muscat, Riesling, and Sauvignon blanc white wines, fermented with sequential inoculation of Starmerella bacillaris and S. cerevisiae, were studied by Englezos and coworker in 2018 [57] . Mixed fermentations with both these strains affected the chemical composition of wines by modulating various metabolites of oenological interest. For volatile compounds, mixed fermentations led to a reduction of ethyl acetate, which may be a compound responsible for wine deterioration above certain limits. Interestingly, Sauvignon blanc wines, fermented by mixed cultures, contained significantly higher levels of esters and thiols, both considered positive aromatic attributes [57] .
Final Remarks
In conclusion, many non-Saccharomyces yeasts present interesting oenological properties in terms of fermentation purity and production of secondary metabolites or even ethanol. When used in single or mixed cultures with S. cerevisiae, these yeasts strains can modulate wine acidity and increase production of some interesting compounds, such as polysaccharides, glycerol, and volatile compounds, such as 2-phenyl ethanol and 2-methyl 1-butanol.
Thus, this review confirms that some non-Saccharomyces yeasts that are most often considered as spoilage yeasts are actually tools of great value for the winemaking industry.
A deeper study of the oenological traits of these yeasts will provide new data for consideration in the control of fermentation, with special regard to warm-climate wine and botrytized sweet wines, where they are commonly found in mixed populations.
